We propose a digital model for high quality superlattices by including fluctuations in the superlattice periods. The composition and strain profiles are assumed to be coherent and persist throughout the superlattice. Using this model, we have significantly improved the fit with experimental X-ray diffraction data recorded from the nominal InAs/GaSb superlattice. The lattice spacing of individual layers inside the superlattice and the extent of interfacial intermixing are refined by including both (002) and (004) and their satellite peaks in the fitting. For the InAs/GaSb strained layer superlattice, results show: (i) the GaSb-on-InAs interface is chemically sharper than the InAs-on-GaSb interface, (ii) the GaSb layers experience compressive strain with In incorporation, (iii) there are interfacial strain associated with InSb-like bonds in GaSb and GaAs-like bonds in InAs, (iv) Sb substitutes a significant amount of In inside InAs layer near the InAs-on-GaSb interface. For support, we show that the composition profiles determined by X-ray diffraction are in good agreement with those obtained from atom probe tomography measurement. Comparison with the kinetic growth model shows a good agreement in terms of the composition profiles of anions, while the kinetic model underestimates the intermixing of cations. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Superlattice is a periodic layered structure composed of two or more materials of different physical properties. New functions are derived in a superlattice from the modulation of atomic and electronic structures and interfaces between constituent crystals. For example, superlattices made of metals, metal oxides, and compound semiconductors have demonstrated unique functionalities such as protective coating, 1, 2 magnetoresistence, [3] [4] [5] superconductivity, 6, 7 IR-detection, [8] [9] [10] and quantum cascade lasers. 11, 12 The desired physical properties are achieved through designs of the superlattice structures using layer thickness, [13] [14] [15] composition, 16, 17 strain, 8, 18 and interfaces. [19] [20] [21] The performances of devices built upon superlattices can be highly sensitive to the quality of superlattices formed during growth. 22 The common techniques used to grow superlattices are MBE, 23 sputtering deposition, 24 metaloxide chemical vapor deposition (MOCVD), 25 and pulsed laser deposition (PLD). 26 Among them, MBE is often the method of choice for growth of high quality superlattices because its low deposition rates allow a precise manipulation and monitoring of epitaxial growth. Furthermore, by managing strain, high-quality superlattices can be grown by MBE without generating extended defects, including misfit dislocations. However, superlattice growth carried out at elevated temperatures, away from equilibrium, involves significant interfacial segregation and intermixing due to growth kinetics. [27] [28] [29] Consequently, as-grown superlattices must be characterized in order to understand and improve their properties.
Techniques for characterizing superlattices include Xray Diffraction (XRD), [30] [31] [32] [33] [34] (scanning) transmission electron microscopy ((S)TEM), 28, 35, 36 scanning tunneling microscopy (STM), 34, 37, 38 and atom probe tomography (APT). 28, 39, 40 High-resolution XRD (HRXRD) has its own distinct advantages as a non-destructive characterization method, which can provide a global structural assessment of the superlattices. In addition, Bragg Diffraction recorded in XRD is extremely sensitive to positions of atoms compared with real-space imaging techniques. Some of the structural parameters in a superlattice, such as the average out-of-plane layer spacing d and the modulation wavelength (or periodicity) K, can be readily obtained from a 2theta-omega scan of XRD. 41 The longitudinal coherence length of the superlattice can be evaluated as well using the full widths at half maximum (FWHM) of superlattice diffraction peaks. However, extracting any other structural parameters, such as spacing between individual atomic layers and their composition, from XRD is non-trivial, requiring a model for the superlattice structure as well as its diffraction.
Here, we present a new superlattice diffraction model, called "digital model," specifically designed for epitaxial superlattices with coherent interfaces, which will be called high quality superlattices. This model allows an extraction of interfacial strain and composition at atomic scale. For application, we apply our digital model to the characterization of a nominal InAs/GaSb strained layer superlattice (SLS). InAs/ GaSb SLSs have drawn considerable experimental and theoretical attentions as alternative materials of the Hg x Cd 1Àx Te (HCT) system for middle wavelength and long wavelength infrared (MWIR and LWIR) photo-detector applications. 36, 37 A staggered band gap alignment is formed between InAs and GaSb. The electron effective mass in InAs/GaSb SLSs is higher than that in HCT, which reduces the tunneling current and thereby enables higher working temperatures. 8, 42 Also, the superlattice strain creates a gap between heavy-hole and light-hole energy bands. Theoretically, this gap suppresses the Auger recombination and thus enhances the carrier lifetime. 43 However, previous studies reported that atomic segregation and intermixing occur at interfaces inside the InAs/GaSb SLSs. It has been suggested that interfacial defects could affect the spatial charge separation, leading to excess band-toband and defect-mediated tunneling current. 22, 44 For the defect characterization, it is essential to know the average superlattice structure first. Thus, it is imperative that we understand the interfacial strain and intermixing profiles of InAs/GaSb SLSs. This paper is organized in the following structure: First, we will introduce the digital model and the fitting procedure with a brief review of previous models. An analysis of the high-angle HRXRD spectrum of an InAs/GaSb SLS sample will be performed using the digital model. The reliability of the model and fitting results will be discussed at the end. The superlattice composition profiles determined from fitting is correlated with the APT data and predictions of a kinetic growth model.
II. X-RAY DIFFRACTION MODELS
A. Previous superlattice structure and diffraction models
The basic model for an one-dimensional superlattice is the "step" model, 45 which assumes a perfect periodicity and abrupt composition change across the interface ( Fig. 1(a) ). In the step model of a bilayer superlattice (A/B) with a period K, each layer (A or B) contains an integer number of monolayers. Each monolayer contains a fixed number and types of atoms or molecules depending on the materials. The spacing between the layers and between the monolayers in each layer is uniform throughout the superlattice. Further refinement of the step model includes strained and intermixed interfacial layers. [46] [47] [48] However, the step model is rather limited in reproducing features recorded in the experimental HRXRD spectra since the fluctuation of K, which affects both intensities and widths of superlattice peaks, is not considered in the model.
Professor Ivan Schuller's group of UC San Diego has developed a more general model to consider the fluctuation of K, as implemented in the program SUPREX ( Fig. 1(b) ). 30 In SUPREX, A=B bilayers are assumed to have the structure representing a statistical average of the superlattice. The fluctuation of K is separated into two contributions: one is the continuous fluctuation of monolayer thickness and the other is the discrete fluctuation in the number of monolayers. The interfacial distances a between A and B are assumed to vary continuously and have a Gaussian distribution. The discrete fluctuation is included by assuming the number of monolayers follows a discrete Gaussian distribution about the mean value.
SUPREX has been successfully applied for analyses of a variety of superlattices. 30, 31 However, in our attempt to study high quality, MBE grown, InAs/GaSb superlattices using SUPREX, we have found a major deficiency in case of the average monolayer number of A or B is a non-integer. The model in SUPREX assumes an average structure, which is linearly weighted between the Gaussian distributions about two adjacent integers. For instance, if the average monolayer number of A is 6.8, the Gaussian distributions about 6 and 7 will be scaled by 0.2 and 0.8, respectively. This treatment leads to a large reduction in superlattice diffraction peak intensities and a broadening of the peak widths beyond what the experimental data indicate (see Fig. 6(d) ). Therefore, a better model is needed to properly describe the discrete fluctuation of K in high quality superlattices.
B. Digital model for superlattice diffraction
To improve modeling of the superlattice diffraction peaks from high quality MBE grown samples, we developed the so-called "digital model." The model is built with bilayers consisting of varying A and B layers and uniform interfacial distances between the layers (Fig. 1(c) ). Previously, Clemens and Gay 49, 50 demonstrated that the continuous fluctuation of K dramatically broadens the diffraction peaks, but for the discrete fluctuation there are only slight broadening of peak widths and reduction in peak intensities. Sharp diffraction peaks with minimal width broadening are the characteristics of high quality superlattices. Thus, in the digital model, variations in interfacial distance (interlayer continuous disorder) are not considered. For the discrete fluctuation of K, we follow the Hendricks-Teller 50 approach. We assume different types of bilayers with different number of monolayers in A or B. Each type of bilayer has a finite probability of occurrence, but their stacking sequence is assumed random. For each bilayer, we calculate its structure factor F i and the structure factor of the superlattice F SL is a sum of the structure factors of all bilayers and their phases. Thus, the structure factor of a one dimensional superlattice is written as
where n is the total number of periods, F i ðqÞ is the structure factor of the i th bilayer, and p i tracks the stacking position of the i th bilayer. q is the scattering vector (q ¼ ð4p sin hÞ=k). F i ðqÞ is calculated as the following:
where f j and x j are the scattering factor and position of monolayer j, respectively, and N i is the total number of monolayers. f j and x j can be utilized as parameters for composition and strain information. In practice, specific strain and intermixing models are often introduced to limit the number of fitting parameters. Two different models for calculating F i ðqÞ and p i will be discussed later in this paper. Each random stacking configuration creates a unique 1D digital chain of atoms. The calculated peak intensities of different stacking configurations are similar but fluctuate for each configuration. So the calculated spectra from a large number of configurations are averaged to achieve a converging result, which is used for fitting experimental data. The averaging is also based on the fact that the thin-film is not always perfectly uniform across the sample. We note that the simulation approach above has been utilized in a theoretical study before. 49 However, it was rarely applied in fitting experimental data, often because poor quality superlattice is better described by models incorporating continuous disorder, for example, SUPREX.
For further consideration, we assume the superlattice is built with only two types of bilayers (type-I and type-II), which is valid due to the relatively accurate control of K during the MBE growth. We suppose that only A incorporates the discrete fluctuation without loss of generality; the average monolayer number of A (N A ) is a non-integer, while the average monolayer number of B (N B ) is an integer. Type-I and type-II bilayers contain N 
where n is the total number of bilayers in the superlattice and d is the average out-of-plane lattice spacing. This assumption may not be a satisfying approximation for certain samples. In this case, it is worthwhile to involve more than two types of bilayers into the random stacking, and Eq. (3) can be modified into
where n t is the number of type-t bilayer and
Þ is the monolayer number of AðBÞ in type-t bilayer. In order to determine n t , additional assumptions are required. For instance, n t is sampled from a discrete Gaussian distribution about N A or N B .
III. FITTING PROCEDURE
Peak intensity fitting is used to extract structural parameters from the measured HRXRD spectrum. The final diffraction peak intensity from the digital model is given by
where M is the number of random configurations included in the calculations, SF is the scaling factor, and C includes the absorption correction and the Lorentz-polarization factor. Scaling factors are aligned based on zero order superlattice peaks. If the zero order peak is not resolved from the substrate peak, the scaling factor will be aligned based on the þ1 or À1 satellite peak. A few non-fitting parameters can be determined before the fitting. d and K can be measured directly from the experimental spectrum. N A , N B , and n can be obtained through the sample grower. In addition, TEM or STM images can be extremely helpful in determining N A and N B and evaluating their discrete fluctuations. n I and n II are calculated according to Eq. (3). A separate background is modeled and added to the calculated spectrum.
In a recorded HRXRD spectrum from a superlattice, low order superlattice satellite peaks often have dominating intensities compared with high order peaks and therefore a least square fitting based directly on intensity is not the best choice. To better reproduce low intensity satellite peaks, we utilize the following goodness of fit, v 2 :
where N peaks is total number of satellite peaks, I exp ðsÞ are the experimental peak intensities, and I cal ðsÞ are the calculated peak intensities. Some of the satellite peaks are absent in the experimental XRD spectrum. However, their absence also provides important structural information. We take I exp ðsÞ of absent peaks as equal to the background intensity. Similarly, the minimum of I cal ðsÞ is set at the background level. During the fitting, only peak intensities are calculated. This saves a huge amount of fitting time by not calculating the diffraction intensities between superlattice peaks. In addition, we can avoid the error caused by imprecise satellite peak positions.
To search for the best fit to experimental data, we apply the downhill simplex (Nelder-Mead) 51 algorithm to minimize the defined goodness of fit (v 2 ). The fit is carried out using multiple sets of initial starting parameters. In this way, we reduce the possible systematic errors due to the local minimum problem. All parameters are optimized simultaneously during the fitting. It is important to note that the total number of parameters does not exceed the number of satellite peaks.
IV. RESULTS

A. InAs/GaSb SLS sample preparation and characterization
The InAs/GaSb SLS sample was grown on GaSb (001) substrate by MBE, at the temperature of 480 C. A 5000 Å thick GaSb buffer layer was deposited before growing superlattice. A barrier layer of AlSb of 100 Å thick was grown between the GaSb and SLS. The SLS is designed with the thickness of InAs and GaSb in a single period at 44 Å and 21 Å , respectively. There are a total of 80 periods (n ¼ 80). The HRXRD characterizations were performed on a PANalytical Materials Research Diffractometers (MRD) System with a radiation wavelength of 1.5406 Å (CuK a1 ). The instrument is equipped with a 2-bounce Ge (220) monochromator, a hybrid X-ray mirror (30 arc-sec resolution), and a high speed line detector, PIXcel (PANalytical). An antiscatter slit and a 0.04 rad Soller slit are placed in front of the detector. This setup allows high resolution and fast data collection. The 2hÀx scans were taken with a step size of 0.01 and a time per step of 2 s.
We also performed high-angle annular dark field (HAADF) STEM on the sample along the [110] zone axis. The image was recorded at 300 kV and with a 0.7 A diameter probe (at 59% probe intensity), using a probe-corrected FEI Titan HR-STEM at MINATEC, Grenoble, France. The HAADF-STEM image was processed based on template matching to enhance the contrast. 52 The APT experiment was performed employing a Cameca LEAP 4000X Si at Northwestern University, at a base temperature of 25 K and under ultra-high vacuum (<8 Â 10 À9 Pa). The measurement was performed using UV (wavelength ¼ 355 nm) laser assisted evaporation with the following parameters: (a) 1.4 pJ pulse . We chose a small laser pulse energy to minimize surface migration of atoms and to reduce the number and size of cluster ions evaporated, therefore, obtaining a more accurate stoichiometry profile. 53 The APT data were reconstructed using Cameca's IVAS 3.6.2 software package.
B. Construction of digital model for InAs/GaSb SLS sample Fig. 2(b) shows the (004) reflection of the InAs/GaSb SLS sample. The position of zero order peak gives the average out-of-plane lattice spacing d. According to the Bragg Law, the superlattice periodicity K can be directly measured from a linear fit of the peak position-order plot. 30 For this sample, d is measured at 3.040 Å and K is at 63.29 Å , thus the average monolayer number is 20.82. From the enhanced HAADF-STEM image ( Fig. 2(a) ), we can observe that an additional monolayer was grown for GaSb in the middle bilayer, which indicates the discrete fluctuation inside the GaSb layers. Therefore, we assume only the GaSb layers incorporate the discrete fluctuation. using Eq. (5) for type-I bilayer, since both types of bilayers have the same interfacial structure. Calculated spectra of 200 random configurations are averaged to give a stable result. The fitting has shown that two types of bilayers are sufficient in this case.
C. Composition-correlated strain model (CCSM)
The local strain inside the superlattice can be directly correlated with the local composition. Therefore, in the CCSM, two neighboring atomic layers are considered as an alloy structure and the distance between them is calculated using Vegard's law. Based on this model, Eq. (2) is modified into
where d k is the distance between atomic layer k and k À 1. p i in Eq. (1) can be easily derived by adding d k . With respect to composition, we follow the example that is used in SUPREX. 30 Chemical intermixing is modelled as an exponential decay from the interface for three monolayers and their structure factors are modified accordingly. As illustrated in Fig. 3(b) , the parameter u indicates the extent of intermixing and the decay constant t is normally set as 0.5 or 1. We treat anion and cation separately since previous studies show that they have different levels of intermixing during the MBE growth. 29 We also use different u for InAs-onGaSb and GaSb-on-InAs interfaces in the CCSM. Therefore, four parameters (u ) are involved in calculating F i ðqÞ in Eq. (8) . We find that the average lattice spacing from the CCSM calculation is smaller than the experimental value. Thus, we assume a 16% In background in the nominal GaSb layer to increase its lattice spacing, and the interfacial intermixing is added on top of it. The number of 16% is acquired by matching the calculated zero order peak with the experimental one. The credibility of this assumption will be verified later in Sec. IV D. The fitting results are listed in Table I . Fig. 4(a) shows the comparison between the best fit (v 2 ¼ 2.56) and the experimental spectrum. Most of the satellite peaks are well reproduced. Although only peak intensities are considered for the calculation of v 2 , the whole spectrum is plotted to reflect the level of match between experimental and calculated spectra including the peak widths and positions. The model does not reproduce diffuse scattering near the strong reflections very well. The reason is that we only take account of diffraction from the average superlattice (zero order), not deviations from the average structure, which gives diffuse scattering (first order). The composition profiles of best fit are illustrated in Fig. 8 . The "concentration" in Fig. 8 is defined as the percentage of one element at cation or anion site. For a quantitative measurement of the interfacial sharpness, we define the interfacial width as the distance between the 10% and 90% of the maximum plateau values. The cation widths for InAs-on-GaSb and GaSb-on-InAs interfaces are 1.69 nm and 1.27 nm. The anion widths for InAs-on-GaSb and GaSb-on-InAs interface are 1.60 nm and 1.20 nm. Both cation and anion composition profiles show that the GaSb-on-InAs interface is sharper than the InAs-on-GaSb interface.
D. Free strain model (FSM)
In the FSM, the strain is not constraint with the composition and Eq. (2) is modified into Fig. 3(a) . p i in Eq. (1) is given by 
The total number of parameters is 16. The XRD spectrum contains 34 superlattice satellite peaks, sufficient for the fitting of 16 parameters. Fig. 4(b) shows the best FSM fit (v 2 ¼ 0.72) to the experimental spectrum. The FSM gives a better reproduction of (004) satellite peaks than the CCSM.
We acquired several important strain features from the FSM. First, the refinement gives the average d-spacing with d GaSb ¼ 3.0950 Å and d InAs ¼ 3.0145 Å . The bulk lattice spacing (half of bulk lattice constant) of InAs at 3.0292 Å is smaller than that of GaSb at 3.0480 Å , so InAs experiences a small tensile strain when it is grown epitaxially on the GaSb substrate and the strained InAs lattice spacing is expected at 3.009 Å . Thus, the measure d InAs is close to the ideal value of pure InAs. In comparison, d GaSb is much larger than the lattice spacing of pure GaSb (3.0480 Å ), which indicates a compressive strain in the nominal GaSb layer. This can be attributed to In segregation into the GaSb layer due to the large lattice constant of InSb (3.2397 Å ). So, it is reasonable to assume an In background in the GaSb layer for CCSM in Sec. IV C.
To further explore local strain details, we convert the refinement results for e l and e m into a lattice spacing profile along the out-of-plane direction. The out-of-plane strain, d, is calculated as d ¼ ða 0 À a z Þ=a z , where a 0 is the out-ofplane lattice spacing and a z is the substrate lattice spacing (a z ¼ 3.048 Å ). Fig. 5 shows the strain profile for the InAs/ GaSb SLS sample. The profile is far from uniform, indicating a significant amount of chemical composition or bonding type variations. While it is difficult to define the exact composition of each monolayer due to the complex quaternary alloy structure, the dominant compositions associated with the major features in the strain profile can be deduced based on the strain-composition relationships. Two positive peaks in the nominal GaSb layer (labels 1 and 2 in Fig. 5 ) indicate InSb type bonding and two negative peaks (labels 3 and 4 in Fig. 5 ) in the InAs layer indicate GaAs type bonding. These features can result from the Ga-In exchange process at interfaces. They were also identified in latest studies using strain mapping techniques. 36, 54 The abrupt positive peak near the InAs-on-GaSb interface (Label 5 in Fig. 5 ) is possibly caused by the substitution of Sb for In in the InAs layer and the similar feature was observed from Fig. 3 in Ref. 48 . We notice that the strain fluctuation near the InAs-on-GaSb interface is stronger than that near the GaSb-on-InAs interface: The maximum and minimum strains near the InAs-on-GaSb interface are þ2.72% and À1.76, respectively, and those near the GaSb-on-InAs interface are þ2.20% and À1.43%, respectively. This implies that the InAs-on-GaSb interface has better quality control during the growth. For interfacial intermixing, the FSM refinement gives u c ¼ 0.518 and u a ¼ 0.320 when t ¼ 1 for both interfaces. They demonstrate that cations intermix more than anions in this sample. This conclusion agrees with previous studies using STEM and APT. 28, 35 V. DISCUSSION
A. Accuracy of the refinement results
The level of fit and the agreement between the structural properties obtained by XRD fitting and by imaging based techniques are noticeably improved over previous models. Together they show to a good approximation that the digital model provides a description of fluctuations in the superlattice periods, interfacial chemical intermixing, and the atomic scale strain in MBE grown InAs/GaSb superlattices. In this section, we will further evaluate the reliability of structural parameters acquired from the refinement by examining the effects of these parameters on XRD. The initial discussions here are based on the FSM model due to its flexibility in defining fitting parameters. Fig. 6 shows the calculated spectra using different sets of structure parameters. Fig. 6(a) shows the fit with only interfacial intermixing parameters, u c , u a , and d GaSb (d InAs ). Fig. 6(b) is the same as Fig. 4(b) and presents the fit using all parameters. The spectrum in Fig. 6(c) is calculated using the refinement results in Sec. IV D except that the strain profile is smoothed.
The (002) reflection is sensitive to the chemical composition of superlattices, since in the bulk crystal the (002) structure factor measures the atomic scattering factor difference f Ga ðf In Þ À f Sb ðf As Þ, while the (004) without the inclusion of strains, then e l and e m are included in the fitting by using multiple starting points.
To find out the uniqueness and accuracy of fine features in the obtained strain profile, we calculated the XRD spectrum (Fig. 6(c) ) using a smoothed profile from the result shown in Fig. 5 based on the adjacent averaging method (smooth width ¼ 5 points). The values of u c and u a remain unchanged. We notice that the smooth deteriorates the fit from v 2 ¼ 0.72 to v 2 ¼ 8.69 by comparing Fig. 6(b) to Fig.  6(c) . Most of the intensity deviations in Fig. 6(c) occur at satellite peaks of the (004) reflection, which indicates that the intensities of (004) satellite peaks are sensitive to details of variations in the superlattice strain profile.
To estimate the uncertainty in the parameters, we performed ten parallel fittings using different starting points. We calculated the standard deviations from the scatter of refined parameters. This gives d GaSb ¼ 3.0950 6 0.0006 Å , u c ¼ 0.518 6 0.0014, and u a ¼ 0.320 6 0.0042. The uncertainties of e l and e m estimated using this method are marked in Fig. 5 as error bars and they are small compared with the strain values. This result indicates that the multidimensional surface around the minimum is relatively steep, which further justifies the reliability of refinement results.
B. Comparison of composition profiles determined by the CCSM and APT
To further examine the CCSM results on composition in Sec. IV C, we correlate them with the APT data acquired from the same sample. Fig. 7(a) shows a 3D reconstruction of the atomic distributions in the InAs/GaSb SL near the AlSb barrier layer. The measurement was performed using the methods described in Ref. 28 . From the reconstruction, we created atomic concentration profiles using a small volume (20 Â 20 Â 30 nm 3 ) selected from the center of the 3D conical reconstruction, where the depth resolution of the APT data is the best. The concentration was density-corrected 55 and the z-direction was rescaled based on the STEM results to compensate the distortion caused by lower evaporation field of the InAs layer. 39 The results for each element are displayed in Figs. 7(b)-7(e) . Here, we focus first on the composition inside the nominal GaSb layer and then comment on interfacial sharpness. Fig. 8 illustrates the comparisons between the APT and CCSM composition profiles. The APT data have been converted to the "concentration" profiles defined in the CCSM. The background level of In in the GaSb layer from the APT profiles matches well with that from the CCSM results. Employing the same definition for interfacial width as the distance between 10% and 90% relative concentrations between the plateau values, the cation widths for InAs-onGaSb and GaSb-on-InAs interface are 1.59 nm and 1.22 nm, respectively. The anion widths for InAs-on-GaSb and GaSbon-InAs interface are 1.71 nm and 1.29 nm, respectively. Both cation and anion APT profiles demonstrate that the GaSb-on-InAs interface is sharper than the InAs-on-GaSb interface, which reproduces the CCSM results to a good extent. It should be noted that the resolution of the APT measurement in the results shown here is limited to subnanometer. 56 The resolution is limited as well as by possible surface migration of atoms during the laser assisted evaporation. 53 Our previous study comparing APT with atomic resolution STEM has identified segregation of Sb, Ga, and In atoms, and quantitatively measured their incorporation in the lattice. 28 Moreover, the APT data may also be correlated with the FSM strain profile result. From Fig. 7(c) , we can see that more Sb incorporates into InAs near the InAs-on-GaSb interface, which agrees with the abrupt positive strain (label 5 in Fig. 5 ) at the same site.
C. Comparison of composition profiles determined by the CCSM and kinetic model
Dehaese et al. introduced a kinetic model to simulate the segregation of elements during MBE growth. 57 We applied this model to our InAs/GaSb SLS sample to predict composition profiles. The surface-bulk exchange energy barriers for cations and anions are taken from the previous study by Zunger. 29 The composition profiles are not sensitive to growth rates from 0.1 ML/s (monolayer per second) to 1 ML/s at 480 C. This range covers most of the regular MBE growth rates. The flux of GaSb is set to contain 16% In to reproduce the In background in the GaSb layer. Fig. 8 GaSb interface. For kinetic model profiles, the cation widths for InAs-on-GaSb and GaSb-on-InAs interface are 1.45 ML and 1.38 ML. The anion widths for InAs-on-GaSb and GaSb-on-InAs interface are 3.5 ML and 2.67 ML. Comparing to profiles from APT and the CCSM, the cation and anion widths show the same trend that the GaSb-onInAs interface is sharper.
D. Comparison between the CCSM and the FSM
While the CCSM is able to detect the asymmetric interfaces, our fitting shows that the FSM is not sensitive to modifications of intermixing model, e.g., different t for two interfaces. However, the FSM significantly improves the fit, especially for satellite peaks around the (004) reflection. The better fit is reflected in a much lower v 2 . Thus, the CCSM is more suitable for extracting composition information and the FSM is better for extracting strain variations. The strain profile corresponding to the best CCSM fitting is compared with the FSM strain profile in Fig. 9 . They are very close to each other in regard to the general trend. The differences at the InAs-on-GaSb interface are probably due to the fact that the exponential decay model is a simplified description of interfacial intermixing. In addition, Vegard's law might fail at atomic scale due to possible segregation of elements. Thus, the CCSM is not perfect for extracting the strain profile.
VI. CONCLUSION
We have demonstrated that the digital model can extract important structural information of superlattices from highangle HRXRD spectra. To illustrate the capability of the digital model, it was applied in characterization of an InAs/ GaSb SLS. Excellent agreement is achieved between the calculated spectrum and the experiment. We successfully acquired the average lattice spacing of individual InAs (or GaSb) layer, variations of interfacial strains and profiles of chemical intermixing. Comparisons with the APT data and the kinetic model prediction show that good agreements are obtained for asymmetric composition profiles. The atomic scale study of superlattices we report here will be essential in correlating structures with physical properties.
